We study the magnetic-field dependence of the conductance in planar ferromagnet-superconductor nanocontacts created with focused-electron/ion-beam techniques. From the fits of the differential conductance curves in high magnetic fields, we obtain the magnetic field dependences of the superconducting gap and the broadening parameter. Orbital depairing is found to be linear with magnetic field. We evaluate the magnetic field dependence of the quasiparticle density of states, and we compare it with the value obtained by scanning tunneling spectroscopy experiments. The study of the differential conductance (that is the first derivative of the I-V characteristic, dI/dV) of point contacts has been demonstrated to be an effective tool to probe the interaction mechanisms in conductive materials: inelastic scattering of electrons by phonons, 1 scattering of electrons by magnons, 2 etc. If one of the electrodes forming the point contact is superconductor, through the study of the Andreev reflection 3 (AR) occurring at the interface it is possible to obtain information on the superconducting gap. In ferromagnet-superconductor point contacts, along with the information on the superconductor gap, the ferromagnet spin polarization can be extracted, 4,5 making this type of study very appealing.
The study of the differential conductance (that is the first derivative of the I-V characteristic, dI/dV) of point contacts has been demonstrated to be an effective tool to probe the interaction mechanisms in conductive materials: inelastic scattering of electrons by phonons, 1 scattering of electrons by magnons, 2 etc. If one of the electrodes forming the point contact is superconductor, through the study of the Andreev reflection 3 (AR) occurring at the interface it is possible to obtain information on the superconducting gap. In ferromagnet-superconductor point contacts, along with the information on the superconductor gap, the ferromagnet spin polarization can be extracted, 4, 5 making this type of study very appealing.
The superconductor density of states under magnetic field is a relevant parameter in basic studies of superconductivity as well as in applications where the superconductor is under the influence of high magnetic fields. AR measurements in a magnetic field provide further information on the properties of the superconducting 6 and ferromagnetic electrodes of the contact. So far no systematic investigations of ferromagnetsuperconductor nanocontacts under high magnetic fields have been carried out. A comprehensive study of the effect of a magnetic field on the transport properties of ferromagnetsuperconductor nanocontacts is due to Pérez-Willard et al., 7 and the maximum magnetic field applied in this study is 16.5 mT, since the critical field of the Al electrode used as the superconducting electrode is 15 mT. In this Brief Report, we propose a different approach to evaluate the magneticfield dependence of the quasiparticle density of states of superconductors from the measurement of the conductance in high magnetic fields.
The nanocontacts are created between a superconducting W nanodeposit and a magnetic Co nanodeposit under high vacuum conditions using commercial dual beam equipment that integrates a focused electron column and a focused Ga ion column forming 52 degrees. Focused-electron-beam-induced deposition of magnetic Co (FEBID-Co) and focused-ionbeam-induced deposition of superconducting W (FIBID-W) are made following previous work. [8] [9] [10] Nanocontacts are obtained by suitably nanoshaping the Co-based magnetic deposit into a sharp tip-like structure, contacting the W-based superconductor. Importantly, the two electrodes forming the contact are grown under high vacuum, minimizing oxidation during contact formation. The in situ monitoring of the resistance by means of four electrical microprobes while the nanocontact is being formed allows us to tune very precisely the final room-temperature resistance of the nanocontacts. For ex situ transport measurements, four external metallic pads of 5 μm in width are previously micropatterned on the insulating substrate with standard optical lithography techniques. These pads are connected to the nanocontact by four FIBID-Pt nanodeposits of 10 μm in length, connected in such a way that the voltage drop measured is composed of the voltage drop across the nanocontact and the voltage drop across a portion of the superconducting electrode R W −e , as shown in Fig. 1(a) . R W −e vanishes below the critical parameters (critical temperature T C , critical current I C , and upper critical field B C2 ) of the W-based superconducting nanodeposit, which is an extreme type-II superconductor following closely simple s-wave BCS theory. 11 The FIBID-Pt nanodeposits are grown first and the FIBID-W electrode afterwards. The FEBID-Co electrode is grown in the last step and is never irradiated by the Ga ions, which warrants its high-quality magnetic and transport properties. The nanocontacts obtained in this way are stable and reproducible, as reported in a previous publication. 12 In this Brief Report, we discuss the results obtained in a Co-W nanocontact with a low-temperature resistance of 160 . Figure 1(b) shows the resistance of the nanocontact as a function of perpendicular magnetic field at 2 K for two different currents. Superconducting features disappear in the superconducting W-based nanodeposit around 8.5 T for I = 50 nA and around 4.3 T for I = 10 μA. Note that, at 50 nA, the voltage drop across the nanocontact is very small, ∼3.2 μV, much lower that the superconducting gap (0.7 meV) and thus, the electrons that meet the interface between the ferromagnet and the superconductor can be Andreev reflected. This results in an increase of the resistance at low fields, because the spin imbalance in the ferromagnet at the Fermi level limits the Andreev transport across the nanocontact. The resistance decreases as the magnetic field is increased due to the change in the density of states of the superconductor induced by the application of a high magnetic field. Interestingly, the polarization of the ferromagnetic electrode remains unchanged.
As the W-based electrode is a type-II superconductor, when applying 10 μA, we observe the flow of vortices in the superconducting nanodeposit and a rounded increase in the resistance, in the presence of an external magnetic field applied perpendicular to the superconducting film surface. The Lorentz force tends to move the vortices perpendicular to the current, giving rise to a dissipation. 13 Thus, the application of increasingly high magnetic field results in a monotonous enhancement of the resistance before reaching the normal state.
We have investigated the evolution of the magnetoresistance with temperature. Figures 1(c) and 1(d) show the magnetic-field dependence of the resistance with a current of 50 nA at different temperatures below and above the critical temperature of the superconducting electrode (5.1 K for an applied current of 50 nA). The high magnetoresistance ratio, defined as MR(B) = 100 × [R(B) − R(0)]/R(0), observed at high fields at 2 K (MR ≈ −27% at 6 T) decreases rapidly at higher temperatures. The reason for this decrease in the MR ratio is that the number of states available in the superconductor is enhanced with the increase of temperature, and the enhancement of the number of states available results in a decrease of the resistance. At temperatures above 4 K, the resistance remains constant until it increases sharply at the upper critical field. As the current is smaller, no effects due to vortex motion are observed, and leads to a sharp resistive transition. Vortex flow does not play any role either in the differential conductance, because in the nanocontacts studied the contact area has a diameter of few nanometers. We expect the contact region to be vortex free, simply because the contact area is too small to hold a flux quantum at the fields of the measurements shown here. Regarding this matter, the nanocontacts studied here are very different from the point contacts studied by Miyoshi et al. 14 The latter ones have a contact area of 10 μm in diameter and, as a result, the effect of normal vortex cores in the superconductor on the transport across the interface is very pronounced.
To extract the differential conductance as a function of the bias voltage, the current versus voltage characteristics of the nanocontact have been measured at different temperatures and magnetic fields applied perpendicular to the plane of the nanocontact. The temperature dependence of these conductance curves at zero magnetic field has been previously investigated 12 and analyzed using the model proposed by Blonder, Tinkham, and Klapwijk (BTK) 15, 16 for a contact between a normal metal and a superconductor, extended to include the spin polarization of the ferromagnetic metal. From the analysis of the conductance curves, we obtained information on the superconducting gap , the ferromagnet spin polarization P , and the dimensionless parameter Z that results from representing the interface scattering by a repulsive δ-function potential of strength Z. In this Brief Report, we focus on the magnetic-field dependence of the conductance curves and analyze them to obtain quantitative information on the magnetic-field dependence of the relevant properties of the superconducting electrode.
The application of a magnetic field breaks the time-reversal symmetry of the Cooper-pair condensate, which gives rise to the pair-breaking effect. It has been shown 17 that the orbital depairing produced by the magnetic field can be considered by including in the extended BTK theory a single broadening parameter in the form of an imaginary part of the energy, i.e., E → E + i . Introducing in the BCS quasiparticle density of states leads to the modified expression 18 
N S (E, )
where N S is normalized at the value in the normal state. enters the BTK model through the BCS quasiparticle and pair densities of states and modifies the resulting BTK conductance so that its amplitude is lowered and its energy is broadened. adds small lifetime corrections to the BCS value of the superconductor density of states. 19 In Fig. 2 [Eq. (1)] and pair density of states. In these fits, the spin polarization of the ferromagnet P and the barrier strength Z have been treated as fully free parameters but found to have the same values as those previously obtained in the fits of the conductance curves measured at the same temperature at zero magnetic field [for this nanocontact, P = 0.356 (6) and Z = 0.07(1), both parameters are also independent of temperature], thus, the only two adjustable parameters in the fitting process are the superconducting gap and the single broadening parameter . Figure 3 shows the values of and obtained from fits of the differential conductance to the extended BTK model that includes the pair-breaking effect of the magnetic field through . Both parameters exhibit a linear dependence with the magnetic field, decreases linearly as the magnetic field is increased in the magnetic field range up to 2 T in which we have fitted the experimental conductance curves and increases linearly. at all magnetic field values verifies and at the lowest fields measured is nearly zero, indicating that the intrinsic (field-independent) broadening parameter is negligible, so it can be concluded that the inelastic scattering is not playing any role in the transport across the interface. The negligible values obtained for at low fields also indicate that spin-orbit scattering, and thus the lifetime for spin mixing arising from spin-orbit scattering, is not contributing significantly to . The orbital depairing parameter ζ can be consequently calculated from and as ζ = / . As shown in the inset of Fig. 3 , ζ increases linearly as a function of the magnetic field, as expected for a type-II superconductor if only orbital depairing is contributing to . 20 We have obtained the magnetic-field dependence of the quasiparticle density of states by introducing the dependences of the superconducting gap and the broadening parameter on the applied magnetic field, obtained from the fits of the conductance curves at different magnetic fields, in Eq. (1). We have compared the results obtained in our fabricated nanojunctions with scanning tunneling spectroscopy. These 4 , the values of the density of states obtained through AR measurements and its magnetic-field dependence are in good agreement with the ones measured by scanning tunneling spectroscopy. We observe a smooth variation of the density of states with the magnetic field with a slope lower than one. A higher value of this slope is expected at magnetic fields close to the upper critical field. It is also remarkable that an orbital depairing parameter linear in the magnetic field gives a density of states at the Fermi level that is nonlinear in the magnetic field.
In conclusion, we have developed a specific approach for determining the density of states of superconductors in high magnetic fields through the study of the magnetic-field dependence of the conductance. We have validated the results obtained using this approach by comparing these results to the direct measurement of the density of states as a function of the magnetic field by scanning tunneling spectroscopy, obtaining strong experimental evidence for the reliability of our approach. This study of the conductance in ferromagnetsuperconductor nanocontacts up to high magnetic fields has been possible due to the large upper critical field of the superconducting FIBID-W nanodeposit, making it suitable and very promising for a wide range of applications in nanoscale superconductivity. It is worth noting that this study is also feasible in any other superconducting and/or ferromagnetic material by implementing a previous lithographic step. This work was supported by the Spanish Ministry of Science (through projects MAT2008-06567-C02, including FEDER funding) and the Aragón Regional Government (project E26). S. Sangiao acknowledges financial support from Spanish MEC. We acknowledge Rosa Córdoba for the growth of the sample used for the scanning tunnelling spectroscopy measurements and Javier Sesé for discussions on superconducting W nanodeposits.
